The enteric nervous system (ENS) is derived primarily from the vagal neural crest, a 23 migratory multipotent cell population emerging from the dorsal neural tube between 24 somites 1-7. Defects in the development and function of the ENS give rise to a range 25 of disorders, termed enteric neuropathies and include conditions such as 26
Introduction 38
The enteric nervous system (ENS) is the largest branch of the peripheral nervous 39 system and consists of an extensive network of neurons and glia controlling critical 40 intestinal functions such as motility, fluid exchange, gastric acid/hormone secretion 41 and blood flow (reviewed in (Furness, 2012; Sasselli et al., 2012) . In amniote embryos, 42 the ENS is derived predominantly from the vagal neural crest (NC), a multipotent cell 43 population that is specified at the neural plate border between the presumptive neural 44 However, there is mounting evidence, both in vitro and in vivo, that the neural crest is 84 in fact specified directly from cells of a pre-gastrulation identity through intermediate 85 levels of BMP and early activation of the WNT signalling pathway (Basch et al., 2006; 86 Hackland et al., 2017; Prasad et al., 2019) . This suggests a more direct route of enteric 87 neural crest induction is possible. Furthermore, the precise timing and concentration 88 of RA signalling that controls the positional identity of vagal neural crest cells has not 89 been clearly defined and it is not yet clear whether RA imparts an early enteric neural 90 identity in hPSC-derived vagal neural crest or acts solely as a positional identity 91 specifier. 92
93
We recently described a robust protocol for the efficient production of putative 94 neural crest cells from hPSCs, (Hackland et al., 2017; Frith et al., 2018 ) that can 95 acquire a vagal axial identity by exposure to RA (Frith et al., 2018) . We have now 96 utilised this in vitro differentiation system to thoroughly investigate the role of RA in 97 both NC posteriorisation and ENS identity specification. We show that RA acts in a 98 dose-dependent manner on pre-specified NC precursors, rather than pluripotent or 99 neurectodermal cells, to induce expression of HOX genes indicative of a vagal 100 character. This process appears to take place in parallel with the induction of early 101 ENS progenitor markers. Crucially, we demonstrate that this effect of RA can be 102 exploited to direct the accelerated production of ENS progenitors (within 6 days of 103 differentiation), which are capable of generating enteric neurons and glia in vitro and 104 which have the ability to colonise the ENS of adult mice following long-term 105 transplantation. Our findings provide an efficient platform for the in vitro modelling of 106 human ENS development and enteric neuropathies, as well as the development of cell 107 therapy-based approaches for the treatment of such conditions. 108
109

RESULTS 110
The timing of retinoic acid signalling affects neural crest specification in vitro 111
We have previously shown that RA treatment of cranial NC precursors induces a vagal 112 axial identity as defined by expression of HOX PG members 1-5 (Frith et al 2018) . To 113 define precisely the developmental time window during which RA exerts its action as 114 a posteriorising signal without perturbing NC specification, we exposed differentiating 115 hPSCs to 1µM all-trans RA at different stages of our NC differentiation protocol 116 ( Figure 1A) . Induction of the NC markers p75 and SOX10, was assessed by flow 117 cytometry following antibody staining in a SOX10-GFP reporter hPSC line (Chambers 118 et al., 2012) . Adding RA at day 0 of differentiation (the day of plating) did not result in 119 any SOX10:GFP+/p75+ cells detected at day 5, whereas addition of RA at later time 120 points (day 3 or 4 of differentiation), was compatible with the production of 121 considerable numbers of SOX10:GFP+/p75+ cells (Figure 1B, C) . Immunostaining 122 for SOX10 expression in two additional independent hPSC lines (H7 and 123 MasterShef7) confirmed the same temporal effect of RA addition on NC differentiation 124 from hPSCs ( Figure S1) . These data suggest that RA signalling perturbs NC induction 125 during the early stages of hPSC differentiation. Our findings also indicate that RA 126 exerts its effects exclusively on cells committed to a NC fate rather than earlier 127 ectodermal precursors or undifferentiated hPSCs. 128 HOX genes as well as NC and ENS progenitor markers (Figure 2) . We found that 138 expression of HOXB1 and HOXB2, was induced by RA at all concentrations in a dose-139 dependent manner ( Figure. 2B, Figure. S2 ). In contrast, HOX genes marking vagal 140 NC (HOXB4, B5 and B7) were only induced when higher concentrations of RA were 141 employed ( Figure. 2B) . These data are consistent with previous findings showing that 142 higher concentrations of RA induce more caudal identities (Okada et al., 2004; 143 Simeone A, 1990) . No expression of HOXC9 was observed with any RA concentration, 144 in line with other reports demonstrating that a trunk axial identity is mediated by WNT Figure 3G) . Transcripts for the early glial markers SOX10 and S100b were also 179 detected in day 22 cultures, but expression of GFAP, that is characteristic of more 180 mature enteric glia, was not observed (Data not shown). Together these observations 181 suggest that day 6 RA-induced NC cells can give rise to enteric neurons and glia in 182 vitro. 183
184
RA-induced vagal NC/ENS progenitors colonise the adult mouse ENS in vivo. 185
To assess the developmental potential of hPSC-derived vagal neural crest/ENS 186 progenitors in vivo, we performed transplantations into the caecum of adult 187 Figure 4D ; left) or vesicular acetylcholine transporter (vAChT; Figure 4D ; 214 right). Together these results suggest that hPSC-derived ENS progenitors can 215 integrate into recipient gut tissue where they are maintained in the long-term and have 216 the ability to differentiate to multiple neuronal subtypes and glia. 217 218 219 Discussion 220
We have described an efficient differentiation system that can be employed in multiple 221 hPSC lines, based on the use of retinoic acid to drive the concomitant induction of 222 both a vagal and an ENS progenitor identity in cranial neural crest progenitor cells. 223
The generation of early ENS progenitors after just 6 days, is quicker than other 224 previously published protocols that describe the production of similar cell populations 225 components of the differentiation media. We also use 'Top-Down Inhibition' to control 238 BMP signalling to reduce further variability and improve robustness across 239 independent hPSC lines (Hackland et al., 2017) . 240 RA also appears to drive specification of early ENS progenitors as indicated by 241 expression of SOX10, ASCL1 and p75 (Figure 2) , consistent with previous studies 242 that reveal a critical role for RA signalling in promoting ENS progenitor migration, 
Directed Differentiation 290
For vagal neural crest differentiation, we use a previously described protocol (Frith et 291 al., 2018) . hPSCs at approximately 80% confluency were detached using Accutase 292 (Sigma-Aldrich A6964) for 10 minutes at 37°C to generate single cells. Cells were 293 counted manually and plated at 50,000 cells/cm 2 on Geltrex coated plates 294 
Flow Cytometry 347
Flow cytometry was carried out as described in (Frith et al., 2018) . In short, a single 348 cell suspension was generated using Accutase as described above. Cells were 349 pelleted and resuspended in FACs buffer (DMEM/10% v/v FCS) at 1x10 6 cells/ml. 
